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ULTRASHORT PULSES IN MULTICOMPONENT MEDIA AND PHOTONIC BANDGAP
STRUCTURES

(1) The main goals of proposed research are:

Study of the specific features of ultrashort pulse propagation and dynamic nonlmear
Bragg diffraction in two- and three-dimensional photonic bandgap structures;

Develop methods for the control of pulse duration and shape; and

Investigate coherent methods of ultrashort pulse formation, based .on coherent
interactions in multi-component media and photonic bandgap structures.

In accordance with the above mentioned goals during reporting period we have
developed the mathematical algorithms for the study of the dynamics of the femtosecond pulse
propagation in the medium of the two-level atoms. The conditions for the generation of
harmonics of the incident pulse frequency are determined. The results of preliminary computer
simulations enable us to estimate the required parameters for the quasi-continuum emission by
the atomic gases.

The study of the dynamics of the two-component superradiance has shown that the
generation can occur even in the case when the concentration of resonantly absorbing atoms
exceeds the concentration of the resonantly amplifying ones. In this case the net population
inversion is negative during the whole process of emission. Nevertheless the superradiance pulses
with a sufficiently high power and sufficiently short duration can be produced in comparison with
the mono-component superradiative media.

It has been predicted earlier that the gap soliton of self-induced transparency propagates at
the Bragg frequency in discrete resonant structure, which consist of a set of ultrathin layers of
two-level atoms. We consider theoretically the short pulse transmission in a resonant one-
dimensional Bragg structure with arbitrary periodic modulation of atomic density. This model
could be realized, for instance, in experiments with colloidal crystals. It has been found the
analytical and numerical solutions of Maxwell-Bloch equations, which describe the spatio-
temporal dynamics of gap solitary wave formation and propagation in the case when the
frequency is in the linear forbidden gap band of arbitrary resonant periodic Bragg structure. The
velocity and form of the pulse depends on the profile of atomic density modulation. The pulse
propagation in sinusoidal structure is similar to the case of discrete Bragg structure.

We studied also the coherent decay of optically-written sinusoidal gain grating under Bragg
condition. Describing this process by numerical solution of coupled-mode Maxwell-Bloch
equations we investigated the dependence of the spatio-temporal dynamics of field and inverse
population of atoms on frequency shift and initial inverse population. The coherent interaction of
incident pulse with the gain grating leads to its amplification and shortening.
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(2) Brief statement of research plans for remainder of the contract period:

1. The investigation of the specific features of pulse amplification in the multi-component
media and gain grating to define the optimal conditions for coherent pulse compression and
amplification;

2. study of the characteristic properties of the coherent interactions in the three-level
atomic media for the development of the methods of pulse parameter control;

3. exploration of the possibility for self-similar pulse formation during the process of the
nonlinear diffraction in the excited photonic bandgap structures and gain grating;

4. the development of the mathematical algorithms and computations for the Maxwell-
Bloch equations in the general case of ultrashort pulses to describe a pulse dynamics beyond the
slowly varying envelope approximation.
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Specific Features of Superradiance in Two-Component Media
| A. V. Andreev and P. V. Polevoy

e-mail andreev@sr.phys.msu.su
Received October 10, 1997

Abstract—Specific features of superradiance in two-component media are discussed. It is demonstrated that
the introduction of a resonantly absorbing component into a superradiant medium considerably broadens the
possibilities to control the parameters of superradiance pulses.

1. INTRODUCTION

Superradiance is a collective coherent spontaneous
decay of a system of excited atoms or molecules. This
phenomenon was predicted by Dicke [1]in 1954. It was
demonstrated that the growth in the number density of
excited particles increases the rate of radiative sponta-
neous decay, and incoherent decay, when radiation
intensity is proportional to the number of excited parti-
cles N (I;p ~ N), is replaced by coherent spontaneous
decay—superradiance. The intensity of superradiance
is proportional to the number of excited particles
squared (/g ~ N?). Consequently, in a macroscopic sys-
tem, when N > 1, coherent radiation is much stronger
than incoherent radiation. In the first experiment [2, 3],
the superradiance intensity was higher than the inten-
sity of ordinary spontaneous emission by a factor of
more than 1070, ‘

Investigation of superradiance in gas media [4-7]
and metal vapors [8-10] can be considered as the first
stage of the experimental development of the theory of
superradiance. In first experiments, the density of
excited atoms or molecules fell within the range n =
10'°-10'2 cm™. Subsequently, the density of excited
particles was increased by two to three orders of mag-
nitude. At the next stage, superradiance from solids,
where ng = 106 cm™, has been studied [11, 12].

Initially, superradiance was considered as a method
of cavity-free lasing, since there were no mirrors on the
boundaries of active superradiant media, and even cell
ends were cut at a Brewster angle. However, currently,
the theory of superradiance in an optical cavity [13,
14), the theory of mode superradiance [15], and the the-
ory of superradiance in two-component media [16-20]
are being developed. Two-component media are of
undeniable interest for the generation of high-power
short coherent pulses [16-18, 20]. Superradiance
pulses from two-component media are characterized by
considerable delay times, appreciably exceeding the
durations of superradiance pulses, which may allow us
to substantially loosen requirements to the duration of
the pumping pulse [17]. The feasibility of the experi-
mental implementation of two-component superradi-
ance and the problems associated with the choice of

resonant media are discussed in [20]. The specific fea-
tures that distinguish two-component media from one-
component media stem from a more complex dynamics
of pulse generation and amplification [16, 21] in two-
component media. Therefore, two-component media
may permit one to implement regimes, e.g., subthresh-
old pulse amplification [22] or superradiance without
inversion, considered in this paper, that cannot arise in
one-component media. Therefore, the investigation of
the properties of two-component media and the appli-
cation of such media provide an opportunity to propose
new methods of lasing and compression of short coher-
ent pulses. :

2. FORMULATION OF THE PROBLEM

Let us investigate the dynamics of superradiance in
a medium that consists of atoms of two sorts, a and b,
with different magnitudes of the transition dipole
moment, d, < d,. Since the Rabi frequency is propor-
tional to the magnitude of the transition dipole moment,
Q ~ d, we have Q, < Q. Atoms with a higher Rabi fre-
quency (atoms of the b sort) will be referred to as fast
atoms, whereas atoms of the a sort will be referred to
as slow atoms. We also assume that atoms in the two-
component medium satisfy the resonance conditions
(Fig. 1), i.e., the relation

mb:ma+A7 IAl <mu’m}n (1)

is met for the relevant transition frequencies.

We consider a two-component medium where fast
atoms initially reside in the ground state and slow atoms
are excited by a pumping pulse with a finite duration.

Slow atom Fftimm
— 3 -2
(Da (1)],
2 1
1 W, =W, + A

Fig. 1. Energy diagram of the levels of slow and fast atoms
in a two-component medium.
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Fig. 2. Intensity profiles of superradiance pulses in a two-
component medium for different concentrations of fast
atoms.

The generation process in such a medium is governed
by a set of Maxwell-Bloch equations for slowly varying
amplitudes (a, ,) of counterpropagating waves, polariza-
tions of fast (p, ,) and slow (P, ,) atoms, and population
differences between the levels 2 and 1 (r) for fast atoms
and levels 3 and 2 (R) for slow atoms [16]:

da, da 1+R —rg+r
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The field amplitude a(x, ) in the set of equations (2)
is normalized in such a manner that n(x, £) = la{x, HI
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is the quantum number density expressed in units of
the density of slow atoms, n, = N,/ V. The population
of slow atoms varies within the range -1 < R < 1,
whereas the population of fast atoms varies within the
range —r, < r < r,. In other words, the amplitude of pop-
ulation variation for fast atoms is determined by the
ratio of component concentrations: ry = N,/N,.

The model described above ensures a good agree-
ment between the results of numerical simulation [17]
and the data of real physical experiments [23] in the
case of a one-component medium.

3. THE MAIN RESULTS

Numerical simulation shows that the spatiotemporal
dynamics of superradiance in a two-component
medium qualitatively differs from the dynamics of
superradiance in a one-component medium [16, 17]. In
a one-component medium, generation starts at the
poundary of the active medium. Then, generation
evolves propagating toward the inside of the medium.
In a two-component medium, generation arises inside
the medium, which increases the efficiency of the
release of the energy stored in the medium.

These effects are illustrated by Fig. 2, which dis-
plays the intensity profiles of superradiance pulses in a
two-component medium plotted for different concen-
trations r, of fast atoms. The first generation pulse
arises in a medium where ry = 0. In other words. this
pulse is equivalent to superradiance in a onc-compo-
nent medium. As can be seen from Fig. 2, adding fust
resonant atoms that initially reside in the ground state
to a superradiant medium, one can considerably
increase the peak intensity of superradiance pulses and
simultaneously reduce their duration. Thus, Fig. 2
clearly demonstrates that the intensity of two-compo-
nent superradiance may be substantially higher than the
intensity of one-component superradiance.

Evidently, the growth in the density of fast atoms
increases absorption in the medium and, therefore, can-
not give rise to a permanent growth in the intensity of
superradiance pulses. When the concentration of fast
atoms becomes higher than a certain threshold [16, 17],
generation in a two-component medium becomes
impossible. Thus, two-component superradiance has a
threshold character. However, the threshold concentra-
tion of fast atoms r,;, may vary, depending on the param-
eters of a two-component medium. In particular, the
value of r,, can be made large [18, 19]. In such a sita-
tion, the regime of superradiance without inversion
becomes possible.

Figure 3 displays the intensity (Fig. 3a) and duration
(Fig. 3b) of superradiance pulses in a two-component
medium as functions of the concentration of fast atoms.
Recall that the normalization was introduced in such a
manner that the concentration of fast atoms is
expressed in units of the number of slow atoms. Conse-
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Fig. 3. (a) Intensity and (b) duration of superradiance pulses
in a two-component medium as functions of the concentra-
tion of fast atoms. (c) Intensity profiles of superradiance
pulses for different concentrations of fast atoms: (1) ry =
1.0, () 1.1.(3) 1.2.(4) 1.3, and (5) 1 4.

quently, the equality r, = 1 implies that the concentra-
tions of slow and fast atoms are equal to each other in a
two-component medium. Vertical dashed lines in Fig. 3
indicate the value r, = 1. At this point, the concentration
of slow atoms is equal to the concentration of fast
atoms, and the total population difference (R, — r) is
equal to zero. As can be seen from Fig. 3, generation
can arise in a two-component medium even when the
number of resonant atoms in the ground state is greater
than the number of excited resonant atoms. Note that,
in the range r;, > 1, where the concentration of atoms in
the ground state is greater than the concentration of
excited atoms, and the total population difference in a
two-component medium is negative, (R, — ry) < 0,
superradiance pulses with a sufficiently high power and
sufficiently short duration can be produced within the
entire generation process.

The regime considered above can be referred to as
superradiance without inversion. Figure 3c displays the
intensity profiles of superradiance pulses for various
concentrations r, of fast atoms. As can be seen from
Fig. 3c, the pulses of two-component superradiance are
characterized by considerable delay times, which
appreciably exceed the duration of these pulses.
Although the intensity of superradiance pulses lowers
with the increase in the concentration of the fast com-
ponent in the range r, > 1, the intensity of such pulses
1s comparable with the maximum intensity, which is
achieved in the case under study when r, = 0.75.

Note that the situation considered above is not opti-
mal. Varying parameters of two-component media, one

LASER PHYSICS Vol. 8 No.2 1998

can further increase the peak intensity of the generated
pulses and reduce their duration [18, 19].

The insertion of a two-component inhomoge-
neously broadened superradiant medium into an optical
cavity [24] opens up broad opportunities in controlling
parameters of superradiance pulses. In the case of cav-
ity-free superradiance, two pulses propagating along
the active medium in opposite directions are produced.
We can accumulate the energy of two pulses of cavity-
free superradiance in a single superradiance pulse by
implementing a cavity with a totally reflecting mirror.
In such a situation, due to the coherence of interaction,
the peak intensity will be increased at least by a factor
of four, and the duration of the cavity superradiance
pulse will be reduced. Varying the configuration of the
optical cavity, parameters of inhomogeneously broad-
ened two-component media [24], and the distribution
of the fast component, one can increase the intensity of
the generated pulses. Thus, two-component media pro-
vide an opportunity to produce superradiance pulses
with much higher power and much shorter duration
than in the case of conventional one-component media.
Therefore, the investigation of the properties of two-
component media opens up new opportunities in con-
trolling the parameters and the waveform of the gener-
ated pulses.
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PULSE PAIR PROPAGATION IN TWO-COMPONENT MEDIA
A.V.Andreev and P.V.Polevoy '
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We report here the results of computer simulations on the coherent pulse propagation in

the two-component medium. Two-component medium consists of two species of the resonant

- atoms which differ in the value of the dipole moments of the resonant transitions ( d > d,). It

is well known that the Raby frequency is proportional to the dipole matrix element of transition
(2 ~d). Hence 2,< (2, and we shall call the "a” atoms as slow, and the "b” atoms as fast.

The theory shows that the dynamics of pulse propagation in the two-component media

depends primarily on the value of the parameter y = (| d, Pro )/ dy |> vs), where r, (75) is

the concentration of the slow (fast) atoms. We consider the subthreshold regime: »<1. It is

well known that the ultrashort pulse evolution in the resonant media depends significantly on

the area of the incident pulse: € In the two-component medium the incident pulse has the

©
different area with respect to the slow and fast atoms 6, = | Q,, () dr

400 (a) 1.0 (b) 10 (c)
r r
/ a b
200 0.0 0
O T T T T T T 1 _10 I T T T T T 1 '10 T T
-1 0 1 f 2 -1 0 1 f 2 -1 0 1 [ 2

We study the dynamics of propagation of two pulses (Fig.1a) in the two-component
medium. It is assumed that the fast and slow atoms are initially in the ground state and that
area of each incident pulse with respect to the slow atoms is equal to 7 ( 8, = ). In the case
dy = 2d, the pulse area with respect to the fast atoms is twice larger: , = 2z (Fig.1bc). The
first pulse in pair propagates in the absorbing medium, it loses its energy by exciting the slow
atoms of the two-component medium. The pulse is broadened and decreases in intensity. The
second pulse transfers the excited slow atoms into the ground state. The pulse intensity
continuously rise and its width decreases. The velocity of the second pulse which propagates in
the amplifying medium is higher than
velocity of the first one and after some
time the pulses are changed in their
places. Therefore this two pulses
combine into the pair in two-component
medium and begin to propagate as an
unified excitation. The Fig.2 shows the
spatio-temporal dynamics of bound
pulses-in the two-component medium. We can see that the bound pulses are changed their
places in the process of propagation and the dynamics of the system repeats itself periodically.
We can see that the bound pulses overtake each other and their amplitudes and temporal
widths oscillate near some average values.

This work was supported by Russian Foundation for Basic Research (No.96-02-19285)
and European Research Office of the US Army (No. 68171-97-M-5698).




Nonlinear solitary waves in 2D and 3D resonant

periodic structures

B. I. Mantsyzov
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The study of the nonlinear interactions in periodic structures has gain considerable
interest in the past few years'. This is due to the finding of the novel kind of nonlinear solitary
waves which are propagated at Bragg frequency within the linear forbidden gap band of the
periodic medium. It has been shown that gap solitons and oscillating solitary waves exist in
one-dimensional structures with resonant” and Kerr’ nonlinearity. These waves are formed by
two counterpropagating coupled Bragg modes. Here we investigate theoretically the dynamics
of formation and propagation of nonlinear solitary waves in the general case of two-wave
diffraction problem in 2D and 3D periodic resonant structures. The vector Bragg condition
ky= k¢ + H for the wave vectors k, and k, of the incident and diffracted waves and the
reciprocal lattice vector H is to be setisfied in this problem.

The equations of two-wave nonlinear dynamic diffraction have been derived from the
semiclassical Maxwell-Bloch equations describing the coherent light-matter interaction under
Bragg condition. By means of analytical and numerical integration of the equations we
investigated the process of-formation and propagation of Bragg solitary waves for the different
geometric schemes of diffraction. It has been shown that nonlinear solitary waves appear both
in the case of Bragg geometry of diffraction like gap two-wave solitons and in the case of
Laue geometry of diffraction like two-wave solitons of nonlinear Borrmann effect. The “Laue
soliton” propagates in the direction of the normal to reciprocal lattice vector. The numerical
simulation of diffraction process has given the possibility to study the wave dynamics in a
finite medium under different boundary conditions. |

This work was supported by the European Research Office of the US Army, contract
No.68171-97-M-5698, and by the Russian Foundation for Basic Research, grant No.96-02-
19285.
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Interest in nonlinear light-matter interaction in distributed feedback structure has
considerably grown in the last years ' . The nonlinear spatio-temporal dynamics of the field in
the structures is qualitatively different from that both for the case of linear Bragg diffraction
and the nonlinear interaction outside the diffraction condition. It has been predicted earlier®
that gap soliton of self-induced transparency propagates at the Bragg frequency in discrete
resonant structure, which consist of a set of ultrathin layers of two-level atoms.

Here we consider theoretically the short pulse transmission in a resonant one-
dimensional Bragg structure with arbitrary periodic modulation of atomic density. This model
could be realized, for instance, in experiments with colloidal crystals’. We present analytical
and numerical solutions of Maxwell-Bloch equations, which describe the spatio-temporal
dynamics of formation and propagation of gap solitary waves within the linear forbidden
frequency gap band of arbitrary resonant periodical Bragg structure. The velocity and the form
of the pulse depends on the profile of atomic density modulation. The pulse propagation in
sinusoidal structure is similar to the case of discrete structure.

We studied also the coherent decay of optically-written sinusoidal gain grating under
Bragg condition. Describing this process by numerical solution of coupled-mode Maxwell-
Bloch equations we investigated the dependence of the spatio-temporal dynamics of field and
inverse population of atoms on frequency shift and initial inverse population. The coherent
interaction of incident pulse with the gain grating leads to its amplification and shortening.
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